Interbody fusion by open discectomy is the usual treatment for degenerative disk disease but requires a relatively long recovery period. The transforaminal posterolateral approach is a well-known standard in endoscopic spine surgery that allows direct access to the disk with progressive tissue dilation. The aim of this study was to assess the feasibility of percutaneous transforaminal interbody fusion (pTLIF) with percutaneous insertion of an expandable or a standard rigid interbody implant for patients with degenerative disk disease with or without spondylolisthesis and for revision surgery with the endoscopic posterolateral approach.
Introduction
Degenerative disk disease (DDD) is associated with diminished disk height and disability due to chronic back pain and/or back-related leg pain. The usual surgical treatment is lumbar interbody fusion, including anterior lumbar interbody fusion (ALIF), posterior lumbar interbody fusion (PLIF) and transforami-nal lumbar interbody fusion (TLIF) by open discectomy. These procedures, however, require relatively long recovery periods for the operated patients. TLIF is considered a suitable procedure for minimally invasive management of DDD and degenerative lumbar spondylolisthesis. In TLIF, an interbody arthrodesis with posterior screw fixation is achieved in the lumbar spine by a posterior or posterolateral approach and placement of a graft-supporting cage. When larger diameter cages are necessary, annulotomy should be wide enough to allow insertion of the cage. Self-expandable cages overcome this limitation because a small approach is possible regardless of cage dimensions 1 . Also, they allow an indirect decompression of the neural structures by restoring the level of the original disk height as well as stabilization of spinal segments.
Several studies [2] [3] [4] [5] have shown that minimally invasive spinal (MIS) techniques, such as TLIF provide similar results than traditional open surgery with the advantages of a reduced length of hospital stay, blood loss, and shorter recovery time. However, even MIS TLIF still requires several invasive surgical steps to reach the intervertebral disk, including partial laminotomy, facetectomy and ligament flavum dissection. These steps are avoided with the transforaminal posterolateral approach, which is the standard route for endoscopic surgery [6] [7] [8] [9] [10] [11] and a method for progressively dilating soft tissue while protecting the nerve roots.
We present an innovative percutaneous transforaminal lumbar interbody fusion (pTLIF) technique using the endoscopy-based transforaminal posterolateral approach with a minimal incision of 15 mm for insertion of an intradiscal implant. Therefore, the need for bone removal and open dissection required by classic TLIF and MIS TLIF techniques is eliminated. The study was designed as a single site, single surgeon, non-randomized study to assess the feasibility of the pTLIF technique with a posterolateral approach. The posterolateral approach was performed using a specially designed telescopic instrumentation. However, given that only a small rigid fusion cage can be placed through a small approach of a 15 mm skin incision using only a 12 mm bevel-ended cannula, the use of an expandable body implant was also examined.
The aim of this study was to describe our preliminary clinical experience for the treatment of patients with DDD with and without spondylolisthesis using the pTLIF technique with implantation of a standard non-expandable fusion cage as a primary surgical procedure versus implantation of an expandable in-terbody cage as a primary surgery as well as in revision surgery. Revision surgery cases were included in the study to assess the versatility of the posterolateral transforaminal approach to avoid posterior lumbar scar tissue generated in prior surgeries.
Materials and Methods

Patients
Between January 2009 and January 2014, a total of 30 patients with DDD (12 men; 18 women; mean [standard deviation (SD)] age 62.2 [15.9] years) underwent the new pTLIF technique. These patients were consecutively diagnosed and treated at Hospital Quirón Teknon in Barcelona, Spain. All the patients were preoperatively informed about the characteristics of the operation, difficulty, and potential complications. Written informed consent was obtained from all the patients.
Inclusion criteria were as follows: DDD with low back pain and/or spondylolisthesis up to grade 2, with or without unilateral or bilateral radicular leg pain, confirmed by magnetic resonance imaging (MRI) studies and lumbar spine x-rays. Exclusion criteria were osteoporosis, drug abuse, neoplasm, bone infection, or systemic diseases.
Preoperatively, patients undergoing primary surgery were sequentially assigned to the pTLIF technique with insertion of an expandable interbody implant or a rigid interbody cage. Patients undergoing revision surgery were treated with the expandable interbody implant.
Operative Technique
Posterolateral Transforaminal Percutaneous Access
The transforaminal percutaneous access was performed under fluoroscopic control, with progressive dilatation without open soft tissue dissection, using the Optiport ™ access instrumentation (PerX360 System ™ , Interventional Spine Inc., Irvine, CA, USA) ( Figure 1 ) for both rigid and expandable interbody cages ( Figure 2 ). ployed in 27 (90%) cases. Neuromonitoring was performed by an independent neurophysiologist that routinely collaborates with our clinic. Somatosensory evoked potentials (SEP) and motor evoked potentials (MEP) were employed during the whole surgical procedure to monitor all involved peripheral nerves. At specific situations during surgery (e.g. screw insertion, cage insertion, etc.) additional nerve stimulation was done to ensure that nerve roots were not compromised (nerve root distance was considered acceptable at signal intensities ≥ 10 mA). Local anesthesia with sedation was only used upon a patient's explicit request and if written permission was granted by the anesthesia team. Three (10%) patients were operated under local anesthesia (bupivacaine and 1% lidocaine) with intravenous sedation, analgesia and cardiopulmonary monitoring by an independent anesthesiologist who was present during the whole surgical procedure. Patients were operated on in a prone position and in forward flexion. Preoperative patient positioning on the surgical table was always controlled with a fluoroscope. The surgical table allows independent positioning of body segments, including legs, hip and the lumbar spine. The patient's position on the table was adjusted to facilitate the disk approach, especially at level L5-S1, by increasing forward hip flexion but avoiding a kyphotic correction of the lumbar lordosis.
In a first step, a standard percutaneous posterior spinal fixation system (i.e. posterior transpedicular screws and rods) was employed to stabilize and/or distract the operated levels 2, 3, 16, 17 . This allowed fixating lumbar lordosis before cage insertion. Lumbar lordosis was continuously controlled in fluoroscopic lateral view considering criteria for sagittal balance. 18 In a second step, in order to achieve a 360º interbody fusion, an intervertebral cage was positioned in the anterior part of the intervertebral disc. During the cage's expansion fluoroscopic control was employed to avoid kyphotic deformity. In case a kyphotic deformity was detected, the cage was collapsed, repositioned and re-expanded until correct sagittal balance was achieved. In all cases fluoroscopic images in lateral view were recorded and archived.
For the cage insertion, the patient should be prepped and draped using a sterile technique. Under anteroposterior and lateral fluoroscopic control, a 18G needle is inserted into the disk (Figure 3 ) as described by Yeung and Tsou. 6 Progressive tissue dilatation is achieved by inserting the three stages of the telescopic instrument of 12 mm outer diameter ( Figure 1 ) through a 15-mm skin incision. A foraminoplasty can be performed optionally to enlarge the caudal part of the foramen, allowing insertion of the instruments without harming the exiting root. [12] [13] [14] [15] Foraminoplasty is performed with the sharp edges of the telescopic instrument (stage 1 and 2) by rotating the instrument ± 45º around the longitudinal axis.
Care should be taken to ensure that the smooth side of the telescopic instrument remains always oriented towards the exiting nerve root. The bevelled cannula (stage 3 of the telescopic instrument) is then inserted until reaching contact with the annular wall. The careful rotation of the bevel will protect the exiting root ( Figure 4 ). Afterwards, stages 1 and 2 are removed by pulling back the instruments through the bevelled cannula. A percutaneous working channel to the intervertebral disk has now been created so that surgical procedures can be performed through the Optiport. A standard discectomy should be performed through the Optiport to remove a minimum of 80% of the disk nucleus from the treatment level. Partial integrity of the annulus should be maintained to contain the interbody implant. The end-plate cartilage and the remaining disk materials are removed with curettes and rasps. Once adequate discectomy has been achieved, demineralized bone matrix (DBM), beta-tricalcium phosphate (ß-TCP), or autogenous bone graft should be placed into the anterior and lateral recesses of the intervertebral disk. Then, the interbody implant is filled with DBM, ß-TCP, or autogenous bone. In patients assigned to the expandable titanium interbody implant (Opticage, Interventional Spine Inc., Irvine, CA, USA), the cage was inserted through the bevelled cannula and expanded under C-arm fluoroscopic lateral control ( Figure 5 ). The same procedure was used in patients assigned to the non-expandable polyether ether ketone (PEEK) implant (Octane, Vertiflex Inc., San Clemente, CA, USA). The only limitation for employing nonexpandable, rigid cages with this approach is that the dimensions of the cage should fit within the inner diameter (11 mm) of the telescopic instrument (stage 3) cannula. Finally, the skin and fascia are sutured with reabsorbing Vicryl 00.
Early ambulation in upright position and without forward flexion was usually resumed on the same day of surgery.
Follow-up
Pain in the back and the lower extremity was scored on a visual analog scale (VAS) (0 = no pain, 10 = most severe pain) and disability was evaluated with the Oswestry Disability Index (ODI) 19 for every patient. The scoring was done pre-and postoperatively within the first week and at 1, 3, 6, and 12 months after surgery. Clinical assessments were made by two independent blind physiotherapists who routinely participated in the physical rehabilitation of patients undergoing orthopaedic surgical procedures. Patient outcomes were graded as excellent, good, fair, and poor using modified Macnab criteria. 19 Computed tomography (CT) scans were taken in the immediate postoperative period (within 24 hours after operation) to confirm a correct implant placement. Additional radiological controls were performed six months and one year after surgery. 
Statistical Analyses
Categorical data are expressed as frequencies and percentages, and continuous data as mean and standard deviation (SD). The Student's t test for paired data was used for the comparison of preoperative VAS and ODI scores at the different follow-up visits in all study groups. Differences in VAS and ODI scores between the groups of patients with expandable and non-expandable cage implant insertion were assessed with the Mann-Whitney U test. The Statistical Package for the Social Sciences (SPSS version 15.0) for Windows was used for the analysis of data. Statistical significance was set at p < 0.05.
Results
The study population included 12 men and 18 women, with a mean (standard deviation) age of 62.2 (15.9) years. Ten patients underwent insertion of the non-expandable PEEK implant as a primary surgical procedure (group A) and the remaining 20 underwent insertion of an expandable titanium interbody implant as the initial primary procedure (n = 10) (group B) or after failed back surgery (n = 10) (group C). Demographic data, clinical characteristics and operated disk distribution are shown in Table 1 . Overall, 9 patients presented DDD at different disk levels, 12 patients had spondylolisthesis grades 1 or 2, and 1 patient had a foraminal chondroma. Individual data of patients undergoing revision surgery are shown in Table 2 . There were 2 patients with prior posterior decompression showing instability, 6 patients had had failed arthrodesis with or without screw loosening at the affected level, 1 patient showed an adjacent segment syndrome, and another patient a flat back syndrome.
The overall mean (SD) duration of surgery for insertion of the implant was 1 (0.5) hour plus 1 hour for the posterior fixation (groups A and B) and 3 (1.5) hours for revision and posterior fixation (group C). Postoperative CT scans showed correct positioning of the interbody fusion cage ( Figure 6 ).
The mean (SD) follow-up period was 38 (17) months (range 11 to 67 months), with a mean of 57 (6) (range 48 to 67) months for patients in group A, 30 (11) (range 13 to 46) months for patients in group B, and 26 (12) (range 11 to 44) months for patients in group C. Clinical outcome was considered excellent in 18 patients, good in 10 and fair in 2. Poor results were not reported. Excellent or good results were obtained in 95% of patients in groups A and B, and in 90% of patients in group C (Figure 7) . In group A, the outcome was excellent in 6, good in 3, and fair in 1 patient. In group B, the outcome was excellent in 8 and good in 2 patients. In group C the outcome was excellent in 4, good in 5, and fair in 1 patient. Table 3 , postoperative mean values for VAS and ODI scores improved significantly (p < 0.05) compared to preoperative data in all study groups. Improvements were already evident 1 month after surgery and persisted during the follow-up period. However, differences in VAS and ODI scores according to the study group were not found.
As shown in
One patient in group A experienced transitory dysesthesia with moderate leg weakness, but recovered 
Discussion
We have presented a novel methodology and demonstrated feasibility of a percutaneous TLIF. This approach with progressive tissue dilatation and optional foraminoplasty allows a less invasive approach than the classical MIS TLIF approach. It requires a small skin incision and eliminates the excision of the articular process, which would have been necessary for a classic MIS TLIF. To our knowledge, this is the first time that an endoscopic-like approach is used to perform a complete transforaminal interbody fusion with insertion of a self-expandable interbody implant 16, 20 . The smallest skin incision for a classic MIS TLIF approach reported in the literature 2 was of 30 mm length, requiring a mean postoperative time to ambulation of 3.2 (1.9) days and a mean postoperative time until hospital discharge of 9.3 (2.6 days). In contrast, the pTLIF approach reported here required a skin incision of 15 mm length, a median postoperative time to ambulation of 6 hours and a median postoperative time until hospital discharge of 26 hours.
The PEEK interbody fusion cage implant and the percutaneous posterior transpedicular screw fixation system have been extensively described in the literature. 2, 3 The novelty of this study is the endoscopybased posterolateral approach employed to perform the pTLIF procedure that permits placing a fusion cage in the vertebral disk through the neuroforamen without removal of any bone structures. A small foraminoplasty may be required especially at L5-S1, due to the more difficult access because the height of the iliac crest and the patient's lumbar lordosis. In contrast, for a classical MIS TLIF it is necessary to cut the inferior portion of the lamina, the superior and inferior articular processes and excision of the ligamentum flavum. 2, 3 Hence, the new percutaneous TLIF approach seems to be a promising, less invasive surgical technique for patients with DDD or spondylolisthesis up to grade 2. The pTLIF technique also seems promising for revision surgery cases, as it allows placing a cage in a previously operated disk level by avoiding scar tissue, reducing the risk of dural tear or nerve damage. A limitation of the pTLIF technique is that it may be difficult to perform in extremely collapsed neuroforamina (intervertebral disk height < 5 mm). Still, the presented foraminoplasty instrumentation allows to safely gain access to the disk through a wide array of neuroforaminal obstacles, such as heterotopic bone formation, collapsed neuroforamina, osteophytes, etc.
The expansion of the interbody implant gives immediate stability to the posterior screw fixation, allowing the patient to stand and walk after a median of 6 hours after surgery without low back pain or radicular pain. Previous authors' experiences with the B-Twin expandable spacer 21 were extremely helpful during the design of the expandable interbody implant employed here. The bone contact surface of the cage was increased to augment stability and also a (Figure 8 ). The percutaneous expanded interbody implant with percutaneous posterior fixation (360° fusion) employed here shows similar outcome than open or MIS TLIF surgery and allows convenient distraction and reduction in cases of spondylolisthesis (Figure 9 and Figure 10 ).
In order to promote interbody fusion, demineralized bone matrix (DBM) and hydroxyapatite mixed with stem growth factors were used to fill up the expandable cage, and were also introduced into the disk before insertion of the cage. The percentage of endplate preparation was similar to that described for standard TLIF through the traditional posterolateral approach, as the telescopic access instrumentation can be moved around ± 30° in a vertical-transversal plane and rotated 360°, allowing access to 60 to 80% of the disk.
It was not an objective of the present study to determine fusion rates of the different cages employed. Fusion rates for a conventional cage as employed in group A have been extensively reported 22 , ranging from 65% to 100% after 24 to 37 months of follow-up. However, in order to determine fusion rates for the expandable cage here described, systematic radiological controls (X-rays and CT scans) should be taken with a longer follow-up. In this study, radiological controls were performed after six months and one year after surgery. Additional X-rays studies or CT scans were only indicated in patients with fair or poor clinical evolution (e.g. the fusion case shown in Figure 10 was found incidentally when the patient presented 24 months after surgery for reassessment complaining of recurrent pain in the SI joint of two month's duration). The aim of the study was to assess the feasibility of the approach and the clinical usefulness of the expandable cage. No case of pseusoarthrosis, non-union or subsidence was observed during a mean follow-up of 38 months.
The reported patients' recovery was fast and satisfactory in all cases, as mean leg pain significantly (p < 0.05) improved in the first month from a VAS score of 7.4 to 2.8. No statistically significant differences of VAS and ODI scores both preoperative and postoperatively were found between the three study groups. This suggests that a pTLIF technique performed with an expandable interbody implant delivers similar results to the pTLIF performed with a classic rigid PEEK cage. However, improvement of leg pain was slightly higher in patients treated with the expandable cage (group B) than in patients treated with the PEEK cage (group A), VAS score from 7.3 to 2.4 and from 7.2 to 3.7, respectively. This finding may be related to the expansion of the cage that provides foraminal expansion and immediate stability to the fixation construct with faster pain relief when the patient is standing up.
The presented results are preliminary and should be interpreted taking the limitations of a pilot study into account, including the non-randomized design and lack of power analysis to calculate the minimum sample size. The inclusion of 30 patients (10 patients per group) was considered adequate to examine the feasibility and efficacy of the pTLIF with a posterolateral approach using the expandable titanium Opticage implant in primary surgery and in patients with failed back surgery syndrome, as well as the nonexpandable PEEK Octane cage. The fact that preoperative and postoperative outcome measures were taken by a blind, independent observer adds strength to the results obtained.
In conclusion, the presented pTLIF approach technique seems to be a promising surgical technique for treating DDD with or without spondylolisthesis up to grade 2 and in revision surgery. Median postoperative time until hospital discharge was faster than with regular MIS TLIF techniques (26 hours vs. 9.3 days), which should be related to the less invasive handling of the bony structures and the surrounding soft tissues during the pTLIF approach. So far, the followup results of our cases do not differ from previous experiences with other MIS or open TLIF techniques.
